sulting in apoptosis via the intrinsic (mitochondrial) pathway. Collectively, these findings suggest that interception of C5a in sepsis preserves innate immune functions and may be a strategy for treatment of septic humans.
ence in serum/plasma of numerous pro-inflammatory cytokines and chemokines. Precisely why this occurs and to what extent these mediators are responsible for development of multiorgan failure (involving heart, lungs, kidneys and liver) is entirely unknown. We will provide a brief review for the role of the complement system in the setting of sepsis both in humans and in animals with an emphasis on generation of C5a and its engagement with C5a receptors (C5aR, C5L2), the result of which leads to a large number of life-threatening outcomes in a variety of organs.
Evidence for Complement Activation in Humans with Sepsis
It has been known for some time that in septic humans there is robust activation of the complement system, as signified by the loss of the hemolytic activity of complement (CH50) and by the appearance in plasma of complement activation products, namely, the complement anaphylatoxins, C3a and C5a, which can be measured by ELISA technology [2, 3] . In humans, the levels of C5a can rise to levels as high as 100 n M [2] . Coincident with complement activation is impairment of innate immune functions of blood neutrophils (polymorphonuclear neutrophils, PMNs), involving chemotaxis, phagocytosis and the respiratory burst (associated with activation of NADPH oxidase, NOX2) [4] . Of considerable interest is the finding that the impaired chemotactic responses are globally affected, since neutrophils (PMNs) develop defective responses not only to C5a but also to the structurally unrelated and bacterially derived chemotactic molecule, N-formyl-Met-Leu-Phe [2, 4] . Such data suggest that signaling pathways involving G protein-coupled receptors, which seem to converge downstream, have become defective, resulting in global dysfunction of innate immune responses in PMNs. It is important to emphasize that reports describing defects in innate immune responses of blood leukocytes from septic humans have often involved relatively small groups of patients and frequently have lacked sequential measurements over time in order to define the kinetics of such events. The absence of such information makes it very difficult to compare various reports and to know to what extent findings in sepsis can be put into a reliable framework of knowledge.
Complement Activation and Role of C5a in Experimental Sepsis
We will deal with evidence for the adverse roles of C5a as well as C5a receptors (C5aR, C5L2) in experimental sepsis. Several decades ago, monkeys infused intravenously with live Escherichia coli showed evidence of complement activation [5] . The copresence of a rabbit polyclonal antibody to C5a in this model resulted in neutralization of C5a, attenuating some of the features of sepsis such as shock, oxygen consumption and development of the acute respiratory distress syndrome [6] . There were suggestions that mortality rates in the anti-C5a-treated monkeys were reduced, but the number of monkeys was too small to obtain statistical significance that would link C5a neutralization to attenuated pathophysiological changes and improved survival.
Most of the work dealing with the role of C5a and C5a receptors in the setting of sepsis (cecal ligation and puncture, CLP) has been done in our own laboratories, using the rat and rodent models of CLP. Technical details of the CLP model in rodents have been recently described [7] . The data outlining evidence for the linkage between C5a and its receptors in the setting of sepsis are briefly summarized in table 1 . The first strong hint for the adverse role of C5a in CLP rats came from the finding that intravenous infusion of neutralizing polyclonal antibody to rat C5a was highly protective, caused reduced evidence of multiorgan failure and resulted in dramatically improved survival (from 0% survival in the unprotected to 50% survival in rats treated with neutralizing antibody to C5a) [4, 8] . In successive studies, treatment of either CLP rats or mice with neutralizing antibodies (polyclonal or monoclonal antibodies, mAb) to C5a resulted in improvements in survival and was found to be related to amount of antibody infused (intravenously) at the time of CLP as well as the time of administration of the antibody [9] . Such treatment greatly reduced evidence of multiorgan dysfunction [10] . Several important observations arose from these studies. When the rabbit polyclonal IgG was employed and given intravenously at the time of CLP, the protective effects in rats (survival over a 10-day period) were directly related to the dose of antibody employed (200, 400, 600 g). The antibodies that were affinity purified were directed towards three different peptide regions of rat C5a: the N-terminal area (residues 1-16), the mid-region of C5a (residues 17-36) and the C-terminal region (residues 58-77). The most protective antibodies were those directed at the mid-and C-terminal regions of C5a. By the use of these synthetic peptides for each of the three regions of C5a, it was possible to demonstrate that they could reduce chemotactic responses of rat PMNs to intact C5a, thereby establishing that C5a binds to C5aR at at least three different sites, which seems unusual for a G protein-coupled receptorligand interaction. Such data infer that at least three different regions on C5a could be targeted to reduce the ability of C5a to interact with its receptor(s). The use of 600 g of antibody targeted at the mid-or C-terminal regions of C5a improved survival over 10 days from 23% in rats receiving pre-immune IgG to 83-90% survival in rats given antibodies to the mid-or C-terminal or midregions of C5a. Another fascinating outcome of these studies was the fact that the polyclonal antibodies to C5a, when added to normal rat serum, did not inhibit C5b-9-dependent lysis of sensitized rabbit red cells [11] . In other words, the antibodies behaved like mAbs that could recognize C5a only after it had been cleaved from C5 but not when it was still present in intact C5. This implies that C5a, when released from its parent molecule, undergoes a conformational change that results in expression of a unique epitope. Such observations are important, since, if such an anti-C5a were to be used in humans, it would neutralize C5a but would not cause C5 depletion, resulting in loss of C5b-9 generation and compromising the lytic ability of C5b-9 for Gram-negative bacteria.
Finally, these studies showed that the protective effects of anti-C5a antibodies to the mid-or C-terminal regions of rat C5a were, as expected, time dependent based on induction of CLP. When given at time 0 of CLP, 90% survival was found; when delayed until 6 h after CLP, survival was still approximately 60%; when infusion of antiC5a was delayed until 12 h after CLP, survival was still 40-50%. Such data infer that there is a substantial 'window' after onset of sepsis when antibody-induced neutralization of C5a is still efficacious. Similar data have been found using mouse neutralizing mAbs to rat C5a (data not shown). In addition to being highly protective (defined as greatly improved survival), these interventions substantially reduced the intensity of multiorgan failure as defined by diminished levels of plasma lactate, transaminases, creatinine and blood urea nitrogen [4, 10] .
The time frame for sepsis development after CLP occurs in a short period of approximately 3 days in rodents. The early phase (in the first 36 h) is the 'hyperdynamic' phase featuring, among other things, fever, tachycardia, increased cardiac output and leukocytosis. The late phase (between 36 and 72 h) is the 'hypodynamic' phase characterized by hypothermia, shock, bradycardia, tachypnea and falling core body temperature, among other things. In humans, the sequence of pathophysiological events in sepsis is more spread out, often occurring over 4-6 days. Based on the protective effects of delayed infusion of anti-C5a into CLP rats (described above), it is possible that such a therapeutic approach in septic humans might still be effective when patients enter the phase of septic shock.
Another strategy used in CLP mice was employment of a cyclical inhibitor of C5aR (and also C5L2), which blocks the ability of C5a to react with its receptors [12] . This compound was highly effective in enhancing survival of CLP mice [13] . The intensity of the coagulopathy of sepsis was greatly attenuated in CLP rats (for example, clotting times were minimally prolonged, thrombocytopenia was reduced and plasma levels of fibrin split products as well as thrombin-antithrombin complexes were greatly reduced) as a result of neutralization of C5a after CLP [14] .
Roles of C5a Receptors in Experimental Sepsis
Based on the key role of C5a in sepsis (as described above), the crucial issue deals with the possible coordinate roles of C5aR and C5L2 in the setting of experimental sepsis. Aside from interception of C5a in sepsis (as described above), blockade of C5a receptors is an alternative approach. However, it is essential to know which receptor is dominant in sepsis or whether both participate, in order to assess a receptor blocking strategy. Figure 1 shows a scheme in which CLP-induced sepsis in rodents induces complement activation, resulting in C5a produc-tion and engagement of both C5aR and C5L2 in a variety of cell targets that bear these receptors (PMNs, macrophages, endothelial cells, thymocytes and perhaps lymphocytes, as well as organs such as lung, liver, spleen, heart and kidneys). As indicated above, sepsis is associated with the appearance of C5a (and C5a desArg) as well as C3a (and C3a desArg) in plasma. C5a and C5a desArg interact with C5aR (CD88) and C5L2, each of which is a seven-membrane spanning receptor. C5L2 also appears to interact with C3a desArg [17] . Engagement of C5aR with C5a causes C5aR to engage with the G protein system, resulting in a rapid cytosolic Ca 2+ transient and rapid intracellular translocation of the C5a ؒ C5aR complex. Because of an amino acid substitution in the DRY region of the second intracellular loop of C5L2, engagement of this receptor with C5a does not result in G protein-coupled activation and, thereby, no Ca 2+ transient occurs [15] [16] [17] [18] [19] . Somewhat surprisingly, the bulk of C5L2 appears to be chiefly within intracellular granules of PMNs [20, 21] . As C5a ؒ C5aR translocates into the cytoplasm, it appears to associate with C5L2, whereupon signal transduction occurs in a manner that may represent the competing influences of C5aR (positive outcomes) and C5L2 (negative outcomes). These interactions and subsequent responses of phagocytes appear to be contained by the binding of ␤ -arrestin to the C5a receptors [20] . On balance, while activation of C5aR clearly leads to ERK1/2 activation, the extent to which C5L2 interacting with C5a affects ERK1/2 activation is a subject of considerable contention. In PMNs from C5L2 -/-mice, in nonmyeloid cells transfected to express C5L2 or in wild-type (Wt) PMNs in which C5L2 has been blocked with an antibody, one group argues that under such conditions engagement of C5L2 seems to attenuate ERK1/2 activation linked to C5a ؒ C5aR engagement [20] . It seems clear that ERK1/2 activation (phosphorylation) is linked to C5a interacting with C5aR [22] . In contrast, another group reports that, in the absence of C5L2, reduced activation of ERK1/2 occurs [23] . It is currently not possible to reconcile these divergent views.
There is strong evidence recently obtained that both C5aR and C5L2 contribute to the adverse outcomes of sepsis. As indicated above, in CLP mice treated with a synthetic, cyclic inhibitor which blocks both C5aR and C5L2 [13] , infusion of a competing peptide that blocks both receptors [24] or after the use of mice lacking one of the two C5a receptors and also treated with a blocking antibody to the other receptors [24] , there was considerably improved survival following CLP. Our group has also described in CLP mice that antibody-induced blockade of C5L2 resulted in significantly increased (by 3-fold) levels of IL-6 in the plasma, suggesting that C5L2 in some manner regulates the cytokine appearance in plasma under conditions of CLP [25] . When Wt, C5aR
-/-and C5L2 -/-mice (all on a C57Bl/6 background) were used in the mild and severe CLP models of sepsis [7] , it was fairly clear that in the severe form of sepsis the absence of C5aR together with antibody-induced blockade of C5L2 resulted in significantly improved survival (going from 0% survival up to 80%) [24] . In the mild form of sepsis, absence of C5L2 as compared to Wt mice also led to improved survival (from 40 to 80%) in C5L2 -/-mice [24] . Interestingly, in either C5aR -/-or C5L2 -/-mice, levels of various cytokines and chemokines in the cytokine storm were in general substantially reduced ( 6 80%) after CLP. This pattern suggests that the sepsis-induced cytokine storm may occur in a sequential fashion and in a manner that requires C5a engagement of both C5aR and C5L2. Another important observation obtained from these studies was that C5L2
-/-mice after CLP had greatly reduced levels of HMGB1, which is a well-known transcription factor that appears in plasma after CLP or endotoxemia and whose blockade in these models of sepsis is protective [26] . Interestingly, in C5aR -/-mice after CLP, there was no reduction in plasma levels of HMGB1 [24] . Furthermore, peritoneal exudate macrophages from Wt or C5aR
-/-mice produced HMGB1 when stimulated with LPS, whereas macrophages from C5L2 -/-mice showed no HMGB1 production. Accordingly, HMGB1 expression from LPS-stimulated peritoneal macrophages is a function of C5L2 but not C5aR. However, as described above, the bulk of cytokines and chemokines expressed in plasma after CLP requires participation of both C5aR and C5L2.
Early after CLP, PMNs show a gain of function by expressing CCL1, CCL2 and CCL5 [27] , which would be expected to lead to pro-inflammatory outcomes. Ordinarily, these receptors are expressed in small amounts, if at all, on PMNs and these cells respond very poorly to ligands for these receptors, based on chemotaxis as the functional endpoint. Blood PMNs after CLP show increased binding of MCP-1 and MIP-1 ␣ and acquire the ability to respond chemotactically in vitro to these chemokines [27] . Non-CLP PMNs are ordinarily nonresponsive to these chemokines. In addition, CLP causes blood PMNs to show increased expression of ␤ 1 integrins (CD29) and ␤ 2 integrins (CD18), indicating a hyperresponsiveness to the 'counter receptors' for these integrins [28] . Collectively, these data demonstrate that, in the early stages after CLP, blood PMNs develop an exaggerated ability to respond to a variety of inflammatory mediators. As indicated above, as time progresses after CLP, the MAPK (ERK1/2) pathways in PMNs become paralyzed in a C5a-dependent manner [4] and lose innate immune functions (phagocytosis, chemotaxis, respiratory burst), causing an inability to clear gut-derived bacteria from blood and from the peritoneal cavity. In rodents with CLP, these bacteria are both Gram-positive and -negative). Under these conditions, the respiratory burst in blood PMNs becomes defective and assembly of NADPH oxidase (NOX2) is greatly impaired due to an inability to translocate from the cytosol critical subunits (such as p47 phox ) of the oxidase to the cell membrane, indicating that the ability to generate H 2 O 2 for MPO-dependent killing of ingested bacteria is greatly reduced ( fig. 1 ) [4] . It is clear that such defects are C5a dependent and can be largely averted after CLP by in vivo neutralization of C5a [4] . Macrophage interaction with C5a does not result in impairment of signaling pathways for reasons that are not understood. This may be due to the fact that binding sites for C5a on macrophages are far fewer when compared to the number of sites on PMNs. The chief effect of C5a on macrophages is their 'priming' and greatly enhanced production of pro-inflammatory mediators, likely related to the cytokine storm in sepsis which is followed by multiorgan failure. Endothelial cells during sepsis have increased expression of ICAM-1 as well as tissue factor, both being linked to interaction of these cells with C5a [29] . In this manner, endothelial cells bind many more PMNs resulting in increased translocation of PMNs into organs. As well, endothelial cells with their increased surface content of tissue factors now enhance the likelihood of intravascular clots. Thymocytes as early as 3 h after sepsis have increased expression of C5aR and then undergo apoptosis via the internal (mitochondrial) pathway of apoptosis [30] . Whether this also occurs in T and B cells which become apoptotic very early in the setting of sepsis [31] is unclear. Finally, sepsis induces the wellknown phenomenon of consumptive coagulopathy. This is characterized by platelet activation together with activation and consumption depletion of clotting factors, as the clotting cascade is activated following the conversion of prothrombin to thrombin. These events lead to reduction of clotting factors in blood, platelet depletion and presence of thrombin-antithrombin complexes and fibrin split products, among others. Concurrent with activation and depletion of clotting factors during sepsis is activation of the fibrinolytic system, whose function is to bring about conversion of plasminogen to plasmin, which is the major serine protease that degrades fibrin into fibrin split products. Removal of fibrin from the luminal surfaces of vessels or from extravascular locales is critical, inefficient removal of fibrin deposits can lead to more and more fibrin deposition, resulting in vascular occlusion and thrombus formation as well as fibrosis in areas of peripheral lung if fibrin breakdown is insufficient. In vivo blockade of C5a in CLP rats reverses most of the features of coagulopathy [loss of clotting factors, thrombocytopenia, prolonged clotting times, continued presence of products of clotting (such as thrombin -antithrombin complexes) and fibrin split products, among others] [14] . How and why C5a interception after CLP curtails the consumptive coagulopathy of sepsis is not at all understood. Such outcomes might be linked to the well-known interconnections between the complement and the clotting cascades [32] . In general, the ability of C5a neutralization to greatly reduce the complications of experimental sepsis has great appeal, since the only FDA-approved drug for human sepsis is recombinant activated protein C, which is intrinsically an anticoagulant. Using an anticoagulant in a condition (sepsis) in which consumptive coagulation is occurring means that strict limitations in its use are mandatory.
Unexpected Effects of CLP in C5 -/-Mice
There have been several lessons learned about molecular events occurring in sepsis vis-à-vis the role of C5, C5 activation products (C5a, C5b-9) and C5a receptors. Based on all of the evidence presented above, the predictions to be drawn from the use of C5 -/-mice would be that, since no C5a can be generated, these mice should be well protected from the adverse events of sepsis, assuming that C5a and its receptors are 'major players' in the harmful outcomes of experimental sepsis. The surprise which we recently uncovered was that C5 -/-mice had no survival advantage compared to Wt CLP mice [33] . Using the high-grade intensity of CLP [7] , by day 5 all mice in both groups (Wt, C5 -/-) were dead. Clearly, absence of C5 conferred no survival advantage. When plasma samples were examined for mediator content, in C5 -/-CLP mice TNF-␣ levels were elevated by 64% compared to Wt mice, while other mediators (IL-1 ␤ , IL-6, MCP-1 and MIP-2) were reduced by 36-89%. Clearly, the absence of C5 in some manner caused downward deflection in the cytokine storm. One of the most interesting differences between the Wt and C5aR -/-CLP mice was that blood colony-forming units (CFUs) in Wt mice were around 2 ! 10 5 CFUs/ml blood, while the CFUs in blood from C5 -/-mice were 6 900 ! 10 5 CFUs/ml blood. In the absence of C5, no C5b-9 which can be formed, loss of which seems to be associated with a serious derangement in bacterial clearance. Therefore, the protective effects of C5b-9 have been lost in the absence of C5, suggesting that in experimental sepsis, C5a, which is robustly produced in CLP, has widespread harmful effects (as emphasized in fig. 1 ), while C5b-9 has protective effects by reducing CFU content in blood. As a result, the absence of C5 prevents the harmful effects of C5a, but the protective effects of C5b-9 are nullified in C5 -/-mice after CLP. Such observations imply that great caution is often needed in interpreting data from knockout mice. Another example of problems interpreting data from knockout mice was our observation that C3 -/-mice developed full-fledged lung injury after intrapulmonary deposition of IgG immune complexes [32] . The surprising finding was the presence of C5a in their lungs. It was ultimately shown that C5a was generated by the interaction of thrombin with C5, also underscoring the linkages between the complement and clotting systems. The data described above suggest that it may be inadvisable to use C5-depleting antibodies in the setting of sepsis in humans.
